(M(T)) specimens machined from 2024-T3 aluminum sheet. The specimens were tested in the T-L orientation and comparisons were made to similar tests conducted in the L-T orientation.
Measurement of critical crack tip opening angle (CTOA), applied stress, and crack front shape were made as a function of crack extension. A two-dimensional, elastic-plastic finite element analysis was used to simulate the fracture behavior for both orientations.
The results indicate that the T-L orientation had a 10% lower stress at fracture than similar tests conducted in the L-T orientation. Correspondingly, the critical CTOA in the T-L tests reached a constant value of 4.7°after 2-3ram of crack extension and the L-T tests reached a value of 6°. The fracture surface of the T-L specimens were observed to remain flat, while those of the L-T specimens transitioned to a 45°slant fracture after about 2-3mm of crack extension. The tunneling behavior of the two orientations also differed; the T-L specimens reached a deeply tunneled stabilized crack front shape, while the L-T specimens were observed to have only a small amount of tunneling once the crack began to grow on the 45°slant. The two-dimensional, elasticplastic finite element analysis was able to simulate the fracture behavior for both the T-L and L-T orientations. 
NOMENCLATURE AS

Fr_t_ture Tests
The M(T) crack configuration is shown in Fig. 1 . All of the specimens were cracked in the T-L orientation (i.e., the load was applied in the transverse or perpendicular to the rolling direction and the crack was in the longitudinal direction or rolling direction). The specimens were fatigue cycled under constant amplitude loading (AS = 34.5 MPa and R = 0.02) until the total crack length was 25.4mm (a/w = 0.33). The stable tearing tests were conducted using displacement control, with a constant loading rate of 0.002mm/sec. During each test, measurements of load, crack length, and surface CTOA were made.
In some of the tests, the cracks were stably grown to pre-selected crack lengths.
The specimens were then fatigue cycled until failure to mark the stable crack growth region.
The maximum applied fatigue stress was 50-80% of the observed maximum applied stress during stable tearing and the stress ratio was R=0.8.
M_asurement Techniques
The critical CTOA during stable tearing was measured by direct observation of the surface using both the digital image correlation (DIC) and the optical microscopy (OM (1)
The crack-tip node was released and the crack advanced to the next node whenever the CTOA equaled or exceeded a preset critical value (_c) during incremental loading. This process was repeated until the crack reached the desired length. The critical CTOA value (_c) was determined experimentally from surface measurements made using both the OM and DIC techniques.
RESULTS
AND DISCUSSION
Fracture tests were conducted on 2024-T3 aluminum alloy M(T) specimens in the T-L orientation, with comparisons made to similar tests conducted on specimens in the L-T orientation [7] . Surface crack growth measurements were made using an optical microscope. Surface CTOA measurements for tearing cracks were made using the OM and DIC methods. The extent of crack tunneling during stable tearing was determined through metallographic analysis of fracture surfaces subjected to a loading history that marked the crack front. The load against crack extension behavior was simulated using an elastic-plastic, two-dimensional finite element analysis.
Critical CTOA Measurements
The critical CTOA measurements for the M(T) tests are shown in Fig. 3 . Also included in this figure is a scatterband that represents the measurements made on similar tests conducted in the L-T orientation.
The initial CTOA values, in both the L-T and T-L tests, were high and decreased rapidly during the first 2.5mm of stable crack extension.
After this initial transient period, both tests reach a constant CTOA value. However, the constant CTOA value in the T-L tests was about 4.7°compared to 6°in the L-T tests.
Both orientations had about the same (+1°) scatter in the measurements. In the L-T tests [7] , the stable crack growth began in the interior, similar to the T-L test, as seen by the second and third crack front profiles shown in Fig. 4b . However, after about lmm of surface crack extension the crack front began to straighten, with the surface catching up to the interior. This reduction in the extent of tunneling corresponded to the onset of 45°slant crack growth [7] . Metallographicevaluationof boththe T-L andL-T fracture surfacesdid not show any significantdifferences;both demonstrated classicaldimpledruptureprofiles through the thicknessandalong the crackfront. However,metallographicevaluationsof the astestedrolled sheetconfirms that the grain structureis elongatedin the roiling direction, though it is not totally clear how this variation contributes to observedcrack growth differences.
Stable Crack Growth Measurements and Simulations
The load against surface crack extension measurements and the finite element simulations are shown in Fig. 6 for specimens tested in the T-L and L-T orientation. The peak stresses in the L-T tests were about 10% greater than that observed in the T-L tests.
The finite element analyses used the stress-strain curves given in Table 1 and the critical CTOA values measured in the fracture tests to simulate the stable tearing behavior. The critical CTOA values were 6°and 4.7°for the L-T and T-L simulations, respectively. As seen in Fig. 6 , the finite element simulations of peak stress were about 2% less than the peak stresses observed in the tests. The finite element analyses overestimated the amount of initial crack extension, but after reaching peak stress the analyses agreed well with the experimental measurements. The CTOA trends were similar for both orientations; initially large CTOA values were measured, followed by a rapid decrease to a constant CTOA value for Aa>2.5mm.
CONCLUDING REMARKS
a.
For the T-L orientation, the constant CTOA was about 4.7°. b.
For the L-T orientation, the constant CTOA was about 6°.
A substantial difference was observed between the T-L and L-T crack growth processes. a.
The T-L fracture surface remained flat and exhibited significant tunneling (a difference in crack length between the surface crack and interior of about 2mm). b.
The L-T fracture was on a 45" slant after about 2-3mm of surface crack extension and initially exhibited significant tunneling, but as the stable tearing transitioned from fiat-to-slant, the tunneling decreased.
The tests conducted in the T-L orientation had a peak fracture stress that was 10% less than that observed in the L-T tests.
The two-dimensional, elastic-plastic finite element analysis was able to simulate the peak fracture stress for both the T-L and L-T orientations. [8]
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